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The photorespiratory pathway helps illuminated C3-plants under conditions of limited
CO2 availability by effectively exporting reducing equivalents in form of glycolate out of
the chloroplast and regenerating glycerate-3-P as substrate for RubisCO. On the other
hand, this pathway is considered as probably futile because previously assimilated CO2 is
released in mitochondria. Consequently, a lot of effort has been made to reduce this CO2
loss either by reducing ﬂuxes via engineering RubisCO or circumventing mitochondrial CO2
release by the introduction of new enzyme activities. Here we present an approach fol-
lowing the latter route, introducing a complete glycolate catabolic cycle in chloroplasts of
Arabidopsis thaliana comprising glycolate oxidase (GO), malate synthase (MS), and cata-
lase (CAT). Results from plants bearing both GO and MS activities have already been
reported (Fahnenstich et al., 2008). This previous work showed that the H2O2 produced
by GO had strongly negative effects. These effects can be prevented by introducing a
plastidial catalase activity, as reported here. Transgenic lines bearing all three transgenic
enzyme activities were identiﬁed and some with higher CAT activity showed higher dry
weight, higher photosynthetic rates, and changes in glycine/serine ratio compared to the
wild type.This indicates that the ﬁne-tuning of transgenic enzyme activities in the chloro-
plasts seems crucial and strongly suggests that the approach is valid and that it is possible
to improve the growth of A. thaliana by introducing a synthetic glycolate oxidative cycle
into chloroplasts.
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INTRODUCTION
Photosynthetic CO2 assimilation in C3-plants is limited by
environmental parameters including temperature, CO2, and
water availability. Much of this limitation can be attributed to
the catalytic properties of ribulose 1,5-bisphosphate carboxy-
lase/oxygenase(RubisCO).BothatmosphericO2andO2produced
by photosystem II compete with CO2 for binding to the active
site of RubisCO. The oxygenation of ribulose 1,5-bisphosphate
(RuBP) yields only one molecule of glycerate 3-P,and the remain-
ing two carbons form glycolate 2-P. This glycolate 2-P is the initial
substrate of the C2-oxidative photosynthetic cycle (the photores-
piratorycycle),leadingtothelossof alreadyﬁxedCO2 (for review
see,Maurino and Peterhansel, 2010).
The primary function of the photorespiratory cycle is to
salvage glycolate 2-P (Figure 1). In this pathway, two mole-
cules of glycolate 2-P are metabolized to form one molecule
each of glycerate 3-P and CO2. These carbon compounds are
used for the regeneration of RuBP via the Calvin–Benson cycle
(the C3-reductive photosynthetic cycle) without net synthesis of
triose phosphates (Douce and Neuburger, 1999; Wingler et al.,
2000).
Thephotorespiratorypathwaytakesplaceinfourdistinctcellu-
lar compartments, namely chloroplasts, peroxisomes, mitochon-
dria (the site of the release of CO2 and NH+
4 ), and the cytosol.
The pathway involves numerous enzymatic reactions and trans-
port processes (Figure1). The photorespiratory pathway relies on
the close integration of carbon and nitrogen metabolism in the
leaf, because NH+
4 is released at the same rate as CO2 (Keys et al.,
1978). Since nitrogen is a more valuable resource than carbon,the
re-assimilation of photorespired NH+
4 is essential for maintaining
the nitrogen status in C3-plants (Leegood et al., 1995). Ammonia
releasedinthematrixofmitochondriaduringthecourseofglycine
oxidation diffuses to the chloroplast. Here,it is used by glutamine
synthetase (GS) catalyzing the ATP-dependent conversion of glu-
tamate to glutamine. Ferredoxin-dependent glutamate synthase
(GOGAT), exclusively located to the chloroplasts of mesophyll
cells, catalyzes the conversion of glutamine and 2-oxoglutarate to
two molecules of glutamate (Figure 1).
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FIGURE 1 |The photorespiratory carbon and nitrogen cycle (black) of
a C3-plant short-circuited by the novel glycolate catabolic pathway
(red).The transgenic enzymes introduced into A. thaliana chloroplasts
are highlighted in green. DiT1, dicarboxylate translocator 1; DiT2,
dicarboxylate translocator 2; CAT, catalase; GDC, glycine decarboxylase;
GGAT: glutamate–glyoxylate aminotransferase; GLYK, glycerate kinase;
GO, glycolate oxidase; GOGAT, glutamate–oxoglutarate
aminotransferase; GS, glutamine synthetase; HPR, hydroxypyruvate
reductase; ME, NADP-malic enzyme; MS, malate synthase; PDH,
pyruvate dehydrogenase; PGP , phosphoglycolate phosphatase; SGAT,
serine–glutamate aminotransferase; SHMT, serine hydroxymethyl
transferase.
Several ways to increase the carboxylase activity of RubisCO
by enhancing the actual concentration of CO2 at its site of action
haveevolved.ExamplesaretheCO2 concentratingmechanismsof
cyanobacteria and algae (Bagder and Price, 2003; Giordano et al.,
2005) or the photosynthetic cycle of C4-plants (Hatch,1987). The
latter provides a CO2 pump, which leads to an increased CO2/O2
ratio at the site of RubisCO and thus results in a decreased oxy-
genase activity. In C3-plants, RubisCO operates in vivo at about
25% of its V max, while it is believed to operate at or close to its
V max in C4-plants (Hatch, 1987). Moreover, the speciﬁc activities
of RubisCO are higher in C4-plants as compared to C3-plants;
hence, less RubisCO protein is required to achieve high rates of
photosynthesis in C4-plants. Due to the fact that the biosynthe-
sis of RubisCO consumes large quantities of nitrogen (20–30%
of total leaf N in C3-plants, but only 6% in C4-plants), C4-plants
havegreaterphotosyntheticnitrogenuseefﬁciencythanC3-plants
(Sageetal.,1987).Attemptshavebeenmadetotransfertheadvan-
tages of C4-photosynthesis, such as high photosynthetic capacity,
rapid growth, and increased nitrogen- and water-use efﬁciencies,
into C3-plants by overexpression of C4-cycle enzymes (Ishimaru
et al., 1997; Häusler et al., 2001; Matsuoka et al., 2001). In potato
and tobacco, Häusler et al. (2001) have shown an attenuation
of photorespiration; however, this was accompanied by changes
in the expression of endogenous enzymes and contents of UV-
protectants. Recently, Kebeish et al. (2007) introduced the E.
coli glycolate catabolic pathway (glycolate dehydrogenase, glyoxy-
late carboligase, and tartronic semialdehyde reductase) into Ara-
bidopsis thaliana chloroplasts to convert glycolate into glycerate.
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These plants showed enhanced biomass production. Surprisingly,
similar results were obtained when only the gene coding for
glycolate dehydrogenase, the ﬁrst enzyme of the pathway, was
introduced.
In previous work we produced A. thaliana plants with a func-
tional chloroplastic glycolate catabolic cycle (GO–MS plants,Fah-
nenstich et al.,2008). In this pathway,glycolate formed due to the
oxygenase activity of RubisCO is converted into glyoxylate inside
the chloroplasts by glycolate oxidase (GO), with the production
of hydrogen peroxide (H2O2)a sas i d ep r o d u c t .I nt h ef o l l o w -
ing step, malate synthase (MS) generates malate by condensing
acetyl-CoA with glyoxylate. Malate is further decarboxylated to
pyruvate by the chloroplastic NADP-malic enzyme (NADP-ME),
with the concomitant reduction of NADP to NADPH. In the ﬁnal
step of the pathway,chloroplastic pyruvate dehydrogenase (PDH)
converts pyruvate into acetyl-CoA, yielding NADH and another
molecule of CO2. As a result of this cycle, one molecule of gly-
colate is converted by oxidation into two molecules of CO2, and
reducing power in the form of NADPH and NADH is produced.
GO–MS plants were smaller than wild type but bigger than the
parental GO lines (Fahnenstich et al.,2008). They presented pale-
greenrosettesatmoderatephotonﬂuxesandoxidativestressunder
higher photon ﬂuxes due to accumulation H2O2 (Fahnenstich
et al.,2008).
To promote the detoxiﬁcation of excess H2O2 produced as a
consequenceof theGOactivitytheE.coli catalasegene(CAT)was
co-expressed and targeted to the chloroplasts of GO–MS plants
(Figure1; Maurino and Flügge,2009). As a result of this pathway,
glycolate is partially recycled within the chloroplast and accumu-
lation of H2O2 should be avoided. Furthermore, C and N losses
throughthephotorespiratorypathwayshouldbealsoreduced.We
presentthegenerationandanalysisoftransgenicA.thaliana plants
harboringtheglycolatecataboliccycleandcatalaseinchloroplasts.
Weshowthatinthistransgenicapproachanincreasedmetaboliza-
tion of glycolate and H2O2 in the chloroplast leads to enhanced
CO2 ﬁxation and growth improvement.
MATERIALS AND METHODS
CONSTRUCTION OF A BINARY VECTOR TO EXPRESS CATALASE IN
CHLOROPLASTS
The genomic sequence of E. coli catalase (KatE; M55161) was
ampliﬁed using Platinum Pfx DNA polymerase (Invitrogen,Karl-
sruhe, Germany) and cloned into pCR-Blunt II-TOPO (Invitro-
gen). The following primer combination was used:KatE fow1 (5 -
ACACCGGTCGCAACATAACGAAAAGAACCCA-3 ) and KatE
rev1(5 -ACGTCGACTCAGGCAGGAATTTTGTCAATCT-3 ).The
primers introduced unique AgeI and SalI sites at the 5  and
3  ends of KatE, respectively. To target KatE to the chloro-
plast, a fragment containing the tomato-RubisCO-small sub-
unit (rbcS3C; X66072) promoter (715bp) and transit peptide
(172bp) was ampliﬁed by PCR using genomic DNA and the
following primers: rbcS3C fow1 (5 -ACGAGCTCATCCAGAATT
GGCGTTGGATTA-3 ) and rbcS3C rev (5 -AGCAACGGTGGAA
GAGTCAGTTGCAACCGGTAT-3 ). The primers were designed
tointroduceuniqueSacIandAgeIsitesatthe5 and3 ends,respec-
tively. The fragment obtained was inserted upstream of the KatE
coding region. All plasmid constructs were sequenced to exclude
any possible mutation that could be created by the polymerase
action.
To direct the expression in A. thaliana, the DNA encoding the
plastidic precursor KatE was cloned into a modiﬁed version of
the binary vector pGreenII (Fahnenstich et al., 2007), using the
tomato-rbcS3Cpromotertodirecttheexpressionandtheselection
marker gene nosBAR (BASTA resistance). The resulting plasmid
was called rbcS3C:KatE.
TRANSFORMATION OF A. THALIANA AND SELECTION OF
TRANSFORMANTS
The binary vector rbcS3C:KatE was electroporated into Agrobac-
terium tumefaciens GV3101 bearing the helper plasmid pSoup.
This was then used to transform A. thaliana plants (Columbia
ecotype, Col-0) via vacuum inﬁltration (Bechtold et al., 1993).
Transformed seeds were selected for BASTA resistance. Plants
containing the transgenes were allowed to self-pollinate. Trans-
genic lines were subjected to two more rounds of selection, at
whichpointtheywerehomozygousfortheinsertion.Thegenomic
insertion of the KatE construct was conﬁrmed by PCR as well as
enzymatic activity assays.
PRODUCTION OF GMK TRANSFORMANTS
Glycolate oxidase–MS lines were produced in our previous work
bytransformationof GO(line5,GO5)withthevectorrbcS3C:MS
(Fahnenstich et al., 2008). Lines containing all three genes (GMK
lines) were produced by re-transformation of GO–MS (line 6,
GO–MS6) with the vector rbcS3C:KatE. In all cases,the lines were
selectedtakingadvantageofthedifferentresistancemarkers.Selec-
tion was corroborated by PCR, Southern blot and determination
of enzymatic activities.
PLANT GROWTH CONDITIONS
Plants were grown in pots containing three parts of soil (Gebr.
Patzer KG, Sinntal-Jossa) and one part of vermiculite (Basalt
Feuerfest, Linz). They were grown under an 8h-light/16h-dark
regime (short-day conditions) at photosynthetically active pho-
tonﬂuxdensities(PPFD)of 100or,alternatively,600μmolquanta
m−2 s−1 (normalandhighlightintensitiesforArabidopsis,respec-
tively) and 22˚C day/18˚C night temperatures. For the assays at
non-photorespiratory conditions, plants were grown in a cham-
b e rw i t haC O 2 concentration of 2000±200ppm at a PPFD of
100μmol quanta m−2 s−1.
EXTRACTION OF RNA AND RT-PCR ANALYSIS
To analyze the expression of the transgenes, total RNA from
100mg of leaf tissue was isolated using the TRIzol reagent
(Gibco-BRL). RNA was converted into ﬁrst strand cDNA using
the SuperScriptII Reverse Transcriptase (Invitrogen). PCR reac-
tions were conducted in a ﬁnal volume of 10μl using 0.5μl
of the transcribed product and Taq DNA polymerase (Qia-
gen). PCR was conducted using primer pairs PGM fow (5 -
TAGGTACCCAATCAACAATGACGTCGACCTAC-3 ) and GO
rev1 (5 -TGGGACACTCCACGTCCTTAGTCTAGACTAGTA-3 ),
rbcS3C fow2 (5 -ATGGCTTCTTCAGTAATGTCCTCAGCAGCT-
3 ) and MS rev1 (5 -CACATAGGCATACATCATCCCAGGTGAG
TCGACGTT-3 ), and rbcS3C fow2 and KatE rev1 (5 -
ACGTCGACTCAGGCAGGAATTTTGTCAATCT-3 ) to amplify
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the GO (1.3kb), MS (1.8kb), and KatE (2.4kb) full-length
cDNA fragments, respectively. As control, the actin2 gene was
ampliﬁed. The primers used were Aktin2S for (5 -TGTACGCC
AGTGGTCCTACAACC-3 ) and Aktin2B rev (5 -GAAGCAAGAA
TGGAACCACCG-3 ). PCR products were resolved on a 1.0%
(w/v) agarose gel.
CHLOROPLAST ISOLATION, PREPARATION OF EXTRACTS, AND
ENZYMATIC MEASUREMENTS
Intact chloroplasts were isolated as described by Kunst et al.
(1988).Pelletedchloroplastswereresuspendedinthecorrespond-
ing extraction buffer (see below) and used directly for the enzy-
maticmeasurements.Alternatively,leafmaterialwashomogenized
in the presence of liquid N2 and resuspended in extraction buffer
consisting of 50mM KH2PO4,pH 7.0,1% (v/v) polyvinylpyrroli-
done(PVP)-40and0.1%(v/v)TritonX-100.Catalaseactivitywas
determined in 50mM KH2PO4,pH 7.0 as described by Havir and
McHale(1987).Thereactionwasstartedbytheadditionof10mM
H2O2 and followed at 240nm at 25˚C. One unit is deﬁned as the
amount of enzyme catalyzing the decomposition of 1μmol H2O2
per minute, calculated from the extinction coefﬁcient for H2O2
at 240nm of 43.6M−1 cm−1. The catalase activity measurements
were normalized to the glyceraldehyde-3-phosphate dehydroge-
nase activity, which was determined in chloroplast extracts as
previously described (Ferri et al., 1978). GO and MS activities
were measured as described by Fahnenstich et al. (2008).
METABOLITE CONTENTS AND QUALITATIVE ASSAY OF STARCH
CONTENT
For metabolite analysis, whole rosettes from 5-week-old plants
were collected in the middle of the light period and immediately
frozen in liquid nitrogen. Three independent biological replicates
wereused.Thetissuesweregroundinamortar,anda50-mgfresh
weightaliquotwasextractedusingtheproceduredescribedbyLee
andFiehn(2008).Ribitolwasusedasaninternalstandardfordata
normalization. For GC-EI-TOF analysis, samples were processed
andanalyzedaccordingtoLeeandFiehn(2008).Starchaccumula-
tion was determined by the iodine staining method (Caspar et al.,
1986).
ELEMENTAL ANALYSIS AND δ13C DETERMINATION
For elemental and stable isotope analysis, leaves from 5-week-
old wild type and GMK3 plants were ground into a ﬁne powder
and lyophilized. This was followed by analysis using an Isoprime
100 isotope ratio mass spectrometer coupled to an Elementar
elemental analyzer (ISOTOPE cube; Elementar Analysensysteme)
following the manufacturer’s recommendations. The calibration
for δ13C measurements followed the two-point method described
by Coplen et al. (2006).
ANALYSIS OF LEAF PIGMENTS
Forpigmentanalysis,leavesfrom5-week-oldwildtypeandGMK3
plants were frozen in liquid N2 and stored at −80˚C. Pigments
wereextractedwithacetoneandquantiﬁedbyreverse-phaseHPLC
(Färber et al., 1997). Chlorophyll a and b content were quanti-
ﬁed spectrophotometrically according to Porra et al. (1989) after
extraction from frozen leaf disks with 80% acetone.
PROTEIN DETERMINATION AND POLYACRYLAMIDE GEL
ELECTROPHORESIS
Protein extracts were prepared from leaves of 4-week-old plants
by grinding leaf material in liquid nitrogen and resuspending it
in 100mM Tris–HCl, pH 7.5, 5mM MgCl2, 2mM EDTA, 10%
(v/v) glycerol, and 10mM 2-mercaptoethanol, in the presence of
a protease inhibitor cocktail (Sigma-Aldrich, St Louis, USA). The
homogenates were clariﬁed by centrifugation at 4˚C and protein
concentration was determined according to the method of Brad-
ford (1976) using Roti-Quant solution (Carl Roth GmbH & Co.
KG,Karlsruhe,Germany). The supernatants (20μg protein) were
separatedby12.5%SDS-PAGE(Laemmli,1970)andvisualizedby
staining with Coomassie Brilliant Blue.
CO2 ASSIMILATION RATE CHLOROPHYLL AND FLUORESCENCE
PARAMETERS
Gas exchange measurements were made on leaves of plants grown
in Canberra. Plants and two LI-6400 (Li-Cor, Lincoln, NE, USA)
were placed inside a controlled environment cabinet (TRIL-1175,
Thermoline Scientiﬁc Equipment, Smithﬁeld, NSW, Australia)
with ﬂuorescent lighting and a temperature of 25˚C. Input gasses
(N2 and O2) were mixed using mass ﬂow controllers (OMEGA
Engineering, Inc., Stamford, CT, USA). Gas exchange measure-
ments were made at an irradiance of 1000μmol quanta m−2 s−1,
leaf temperature 25˚C, and a leaf to air vapor pressure of approx-
imately 10mbar. At ﬁrst, CO2 assimilation rate was measured
for approximately 30min at an ambient CO2 partial pressure of
approximately 348μbar and 21% O2. Then CO2 partial pres-
sures were lowered stepwise and the compensation pointed (Γ)
estimatedfromtheslopeof theCO2 responsecurveof CO2 assim-
ilation. Measurements at low CO2 partial pressures were repeated
at 5, 15, 2, 7, 10, and 30% O2.T h eFV/FM index was calculated as
previously described in Fahnenstich et al. (2008).
BIOCHEMICAL MEASUREMENTS
Following gas exchange, duplicate samples (0.5cm2) of leaf were
taken from the sampling area and immediately frozen in liquid
nitrogen and stored at −80˚C. RubisCO content in each sample
wasmeasuredbythe[14C]carboxyarabinitol-P2bindingassaypro-
cedure according to Ruuska et al. (1998). Dry mass of leaves was
measured after 48h at 80˚C.
DETERMINATION OF LEAF THICKNESS AND LIGHT MICROSCOPY
For the determination of leaf thickness sections of 5-week-old
leavesof wildtypeandGMK3plantswereused.Leaf sectionswere
ﬁxed for 3h in 2.5% glutaraldehyde (v/v), 100mM NaPi, pH 7.2,
and washed three times with 100mM NaPi. The samples were
dehydrated in standard ethanol series and incubated two times
during 10min in acetone 100% (v/v). Then they were transferred
to acetone:araldite 1:1 (v/v) and incubated for 16h. Acetone was
evaporatedandsampleswereembeddedintofresharalditeduring
3h and polymerized in araldite for 24h at 65˚C. Cross sections of
2μm thickness were cut with a rotation Reichert OM U2 micro-
tome and attached to gelatine-coated microscope slides. For light
microscopy the sections were stained with an aqueous solution of
0.05% of toluidine blue O in 0.1M NaPi, pH 6.8. Sections were
analyzed using a Nikon eclipse E800 microscope equipped with a
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FIGURE2|( A )Glycolate oxidase (GO-) and malate synthase (MS-) activity in
rosettes of transgenic and wild type plants.The values presented are the
means±SE of at least 8 plants each. Asterisks indicate signiﬁcant differences
to the wild type values (Student’s t-test P <0.05). (B) Expression of the
transgenes in the GMK lines assessed by RT-PCR. RNA was extracted and
reversed transcribed as described in Section “Materials and Methods.”
Full-length GO (1.3kb), MS (1.8kb), and KatE (2.4kb) cDNA fragments were
ampliﬁed by 32 cycles. As loading control Actin 2 was ampliﬁed by 29 cycles.
digital camera (ky-F1030, JVC, Japan). Leaf thickness was deter-
mined between the central and both outer lateral veins using the
program Diskus (Hilgers).At least 80 sections,belonging to leaves
of six different plants were analyzed.
STATISTICAL ANALYSIS
Signiﬁcance was determined according to the two-sided Student’s
t-test using the Excel computer program (Microsoft Corp.).
RESULTS
CO-EXPRESSION OF GLYCOLATE OXIDASE, MALATE SYNTHASE, AND
CATALASE IN A. THALIANA CHLOROPLASTS
We have previously shown that the expression of GO in chloro-
plasts promotes the intra-organellar oxidation of glycolate to gly-
oxylatewithconcomitantproductionof H2O2 (Fahnenstichetal.,
2008). Homozygous GO plants are characterized by a reduced
rosettediameter,reducedfreshweight,andyellowishleaves.Arep-
resentativeGOlinecontainingonlyonetransgeneinsertion(GO5,
Fahnenstichetal.,2008),displayinga30%higherGOactivitycom-
pared to the wild type (Figure 2A), was later transformed with a
plasmid encoding MS, which was post-translationally directed to
the chloroplasts (Fahnenstich et al., 2008). All resulting GO–MS
lines had an intermediate size between the GO and the wild type
plants (Fahnenstich et al., 2008; Figure 3A). The GO–MS plants
showed the GO phenotype when exposed to stress conditions.
However,the glyoxylate levels were similar to that of the wild type
(Fahnenstich et al., 2008), indicating that MS was able to further
metabolize glyoxylate.
Here, to promote the detoxiﬁcation of excess H2O2 produced
bytheGOactivityasdemonstratedinourpreviouswork(Fahnen-
stichetal.,2008),E.coli catalase(KatE)wasexpressedandtargeted
totheplastidsof arepresentativeGO–MSlinecontainingonlyone
MStransgeneinsertion(GO–MS2,Fahnenstichetal.,2008).Inde-
pendent lines bearing all transgenes (GMK lines) were selected by
BASTAresistance.Thoselinescontainingcatalaseactivitieshigher
than the wild type were subjected to two additional rounds of
screening to obtain non-segregating T3 lines. The ﬁrst homozy-
gous generation of some lines (e.g., GMK1 and GMK3) showed
bigger rosettes than the wild type and expressed all the transgenes
FIGURE3|( A )Growth characteristics of 5-week-old transgenic and wild
type (Col-O) plants grown in short-day conditions at ambient (380ppm) and
high CO2 (2000ppm) concentrations. Bar: 1cm. (B) Leaves of wild type
and GMK3 plants. (C) Leaf thickness was measured from transverse leaf
sections prepared from leaves of plants grown in SD at a PFD of 100μmol
m
−2 s
−1. Error bars indicate the SE (n=80 sections from at least six
individual plants).The asterisk (*) indicates signiﬁcant differences between
the values of wild type and GMK3 plants calculated by the Student’s t-test
(P <0.05). (D) Light microscopy of leaf cross sections of wild type and
GMK3 plants cut manually. Bar: 100μm.
asanalyzedbyRT-PCR(notshown).However,furthergenerations
of line GMK1 were as big as the wild type and sometimes showed
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yellowish leaves. RT-PCR analysis of these further generations
of GMK1 conﬁrmed that this line had a very low expression of
the catalase transgene, probably due to silencing effects. Due to
this, lines GMK3 and GMK9 were selected for further analysis.
Chloroplast preparations from leaves of 5-week-old GMK3 and
GMK9 plants showed 71±14 and 17±7% higher catalase activ-
ity than that measured in wild type controls, indicating that the
novel catalase activity was correctly localized to plastids and that
GMK3 possessed four-time higher activity than GMK9. Southern
blot analysis indicated that line GMK3 contained only one KatE
transgene insertion, while GMK9 contained three insertions (not
shown). RT-PCR analysis showed that these GMK lines harbored
and expressed all the transgenes (Figure 2B). Measurements of
activity indicated that the expressed proteins were active and that
GMK3 and GMK9 plants presented similar GO and MS activi-
ties (Figure 2A). In comparison to the parental GO and GO–MS
plants, GO and MS activities in GMK plants were lower most
probably due to lower expression of the transgene after the nine
generations the plants had to be grown to obtain triple homozy-
gous transgenes. To exclude any phenotypic alteration caused by
the single transgene expression, MS and KatE were also expressed
in the wild type background. In both cases, lines with MS or
catalase activities similar to those found in the GMK lines were
obtained (not shown).
CHARACTERIZATION OF GMK LINES
Phenotypic characterization
GMK3 plants showed a statistically signiﬁcant increase in rosette
biomass with respect to wild type (Table 1). Conversely, GMK9
rosettes were bigger than the parental GO–MS plants but still
smaller than the wild type in short-day conditions of growth
(Figure3A).GMK3plantswerebiggerthanwildtype(Figure3A),
showing higher number of leaves and an increase in the rosette
dry and fresh weights of 36 and 28%, respectively, compared to
the wild type (Table 1). Interestingly, leaves of GMK3 were ﬂat-
ter and thinner than the wild type (Figures 3B–D). Negligible
phenotypical differences were observed when all lines were
T a b l e1|G r o w t hp a r ameters of 7-week-old transgenic and wild type
plants grown in short days at 100μmol quanta m−2 s−1 at ambient
(380ppm) or at high CO2 (2000ppm) concentrations.
Wild type GO–MS GMK3 GMK9
NL
380ppm 34.7±1.5 33.4±0.5 40.9±2.1 31.9±2.5
2000ppm 31.0±0.4 32.0±0.6 31.1±0.6 32.1±0.5
DW (g)
380ppm 0.11±0.02 0.07±0.03 0.15±0.02 0.09±0.02
2000ppm 0.18±0.02 0.19±0.08 0.20±0.08 0.20±0.06
FW (g)
380ppm 1.38±0.28 0.62±0.14 1.77±0.19 0.82±0.21
2000ppm 1.85±0.16 1.85±0.08 1.99±0.84 2.00±0.59
NL, number of all visible leaves; DW, shoot dry weight (whole rosettes); FW,
shoot fresh weight (whole rosettes).The values presented are the means±SE of
at least 14 plants each.The values set in bold case indicate signiﬁcant differences
to the wild type values (Student’s t-test P<0.05).
grown under non-photorespiratory conditions (2000ppm CO2;
Figure 3A; Table 1), where the inhibition of the oxygenase activ-
ity of RubisCO led to a reduced production of glycolate inside the
chloroplast.Asalllinesenteredsenescenceafter7weeksunderhigh
CO2 concentration to compare the growth characteristics under
different CO2 concentrations, images of the plants were therefore
taken after 5weeks of growth (Figure 3A). Control lines overex-
pressing single MS and KatE behaved like the wild type under all
experimental conditions (not shown).
Starch accumulation and metabolite pool sizes
To evaluate the impact of the introduction of the glycolate cata-
boliccycleintochloroplastsofA.thaliana onprimarymetabolism,
starch accumulation and metabolite pool sizes were analyzed in
rosette leaves of transgenic plants.
Starch accumulation after 6h in the light was determined by
iodine staining in leaves of plants from the different genotypes
grownundermoderatelightintensity.TheGO–MStransformants
accumulated less transitory starch than the wild type, while the
GMK3 plants accumulated starch like the wild type (Figure 4A).
Similar levels of starch accumulation were observed in all lines
w h e ng r o w na th i g hC O 2 concentrations (Figure 4B). Interest-
ingly, when the lines were grown under moderate light intensity
and then transferred to high light intensity (600μmol quanta
m−2 s−2) for 7days,the GMK3 plants accumulated starch like the
wild type, whereas the GO–MS and GMK9 transgenic lines had
lost this capacity (Figure 4C). In line with these results, GO–MS
and GMK9 lines showed intense yellowing and oxidative lesions
(Figure4D),indicatingthatafterlong-termexposuretohighlight,
GMK9 plants developed the GO phenotype (Fahnenstich et al.,
2008); this was most probably due to an increased accumulation
of H2O2 compared to GMK3 plants, which contained a higher
catalase activity in the chloroplasts.
We then evaluated the capacity of GMK3 plants to accumulate
endproductsofphotosynthesis,bydeterminingthecorresponding
metabolitepoolsizesafter6hinthelightbyGC–MSanalysis.The
GMK3 plants showed sucrose, glucose, and fructose levels similar
to that of the wild type (Table 2). Other sugars showed no signif-
icant differences with respect to the wild type except for the sugar
alcohol glycerol, which was decreased in GMK3 plants (Table 2).
Moreover, the GMK3 plants presented signiﬁcantly lower lev-
els of asparagine, gluconate, glycolate, lactate, and maleate, as
well as signiﬁcantly higher levels of threonine, valine, leucine,
phenylalanine,(iso)citrate,succinate,malate,2-ketoglutarate,and
D-2-hydroxyglutarate (Table 2).
Elemental analysis
Elemental analysis showed that GMK3 plants have similar carbon
tonitrogenratios(6.22±0.29)asthewildtype(5.97±0.06),indi-
cating that the transgenic plants can balance nitrogen and amino
acid metabolism. In accordance with these ﬁndings, no differ-
ences in the amount of RubisCO or other major protein bands
wereobservedbetweenleaf crudeextractsof GMK3andwildtype
plants as evaluated by SDS-PAGE (Figure 5A).
Pigment analysis
In accordance with the fact that GMK3 leaves are ﬂatter and thin-
ner than wild type leaves, the chlorophyll content per area and
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FIGURE 4 |Accumulation of starch by the iodine staining method in
leaves of transgenic and wild type plants after 6h in the light
period. (A) Six-week-old plants grown at 100μmol quanta m
−2 s
−1 and
380ppm. (B) Six-week-old plants grown at 100μmol quanta m
−2 s
−1 and
2000ppm. (C) Plants grown during 6weeks as in (A) and transferred for
7days at 600μmol quanta m
−2 s
−1 during the light period. Photographs
were taken at the end of this treatment. (D) Phenotype of the plants
treated as in (C).
freshweightof GMK3plantswasreducedrelativetothewildtype,
whereas the chlorophyll a/b ratio was similar (Tables 3 and 4).
Determination of other pigment levels by HPLC indicated signiﬁ-
cantly lower levels of neoxanthin,lutein and β-carotene,while the
violaxanthin level was close to the wild type (Table 4).
Leaf carbon isotope discrimination
Biologically signiﬁcant variations in natural δ13C content among
plants are attributed to different diffusivity of 13CO2 and 12CO2
(∼4.4%fractionation),apreferenceof RubisCOfor 12CO2 (∼27–
29%; Farquhar et al., 1989), and photorespiration (∼1%; Gillon
and Grifﬁths, 1997; Igamberdiev et al., 2004). Plants with dif-
ferent CO2 concentrating mechanisms (C3,C 3–C4, and C4-
plants) can be distinguished by the carbon isotope composition
of their dry matter (O’Leary, 1981). C4-plants show less neg-
ative δ13C values than C3–C4 intermediates, while intermedi-
ates show less negative δ13C values than C3-plants. Analyzing
dried leaf material, we found carbon isotope ratios of GMK3
and wild type plants (δ13C) of −38.34±0.31 and −38.77±0.18,
respectively. Thus, discrimination of 13CO2 and 12CO2 was very
similar between GMK3 and wild type under our experimental
conditions.
REDUCED FLUX THROUGH THE PHOTORESPIRATORY PATHWAY IN
GMK3 PLANTS
Relative glycine and serine levels were determined by GC–MS and
theGly/Serratiowascalculatedasanindicatorof ﬂuxthroughthe
photorespiratory pathway. This analysis was performed in plants
grown under low light conditions (30μmol quanta m−2 s−1)t o
minimize photorespiration, as well as in plants exposed to pho-
torespiratoryconditions(highlightof600μmolquantam−2 s−1).
AsshowninTable 4,GMK3plantspresentedlowerrelativeglycine
contentsthanthewildtypeunderphotorespiratoryconditions.In
the case of serine, the GMK3 plants showed lower relative levels
than the wild type under both conditions (Table 5). The Gly/Ser
ratio of GMK3 plants was signiﬁcantly lower than that of the wild
type under photorespiratory conditions, while it was enhanced
under non-photorespiratory conditions (Table 5). After exposing
theplantstohighlight,theGly/Serratioof thewildtypeincreased
about 150-fold compared to low light conditions, due to a huge
accumulation of glycine (Table 5). This increase in the Gly/Ser
ratiowasonlyof 13-foldinthecaseof GMK3plants(Table 5)due
to a much lower increase in glycine levels in high light, indicat-
ing decreased ﬂux through the photorespiratory pathway in these
plants. Finally, no differences in the Gly/Ser ratio were observed
between the lines when grown at high CO2 concentrations (not
shown).
ENHANCED CO2 ASSIMILATION IN GMK3 PLANTS
Instantaneous photosynthetic rate measurements (A, μmol
m−2 s−1) were performed on both wild type and GMK3
plants. Table 3 shows that the assimilation of CO2 in the
GMK3 plants (determined at 1,000μmol quanta m−2 s−1) was
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Table 2 | Relative metabolite levels (to the internal standard ribitol)
measured by GC–MS of whole rosette leaves harvested after 6h in
the light period from plants grown at 100μmol quanta m−2 s−1.
wild type GMK3 Fold-
Mean±SE Mean±SE changes
Alanine 18.643±0.192 16.936±1.255 0.91
Glutamate 30.813±2.808 31.011±4.928 1.01
Aspartate 10.148±1.107 6.549±1.764 0.74
Threonine 8.584±0.480 11.06±2.173 1.29
Asparagine 5.363±0.576 1.644±0.781 0.30
Valine 2.467±0.130 3.570±0.132 1.45
Proline 1.268±0.596 3.881±2.422 3.06
Alanine 0.434±0.084 0.367±0.095 0.85
Cysteine 0.022±0.014 0.036±0.008 1.64
Tyrosine 0.065±0.014 0.056±0.015 0.86
Methionine 0.602±0.023 0.757±0.168 1.26
Lysine 0.657±0.085 0.736±0.062 1.12
Isoleucine 0.694±0.040 1.207±0.492 1.74
Leucine 0.421±0.053 0.646±0.110 1.53
Phenylalanine 0.610±0.031 1.144±0.206 1.87
Maltose 2.214±1.972 5.382±3.945 2.43
Mannose 0.162±0.021 0.223±0.041 1.38
Lactose 0.074±0.003 0.073±0.005 0.99
Xylose 0.171±0.015 0.197±0.03 1.15
Sorbitol 0.317±0.061 0.231±0.123 0.73
Mannitol 1.837±0.203 1.600±0.406 0.89
Glucose 34.350±6.530 26.862±13 0.78
Myoinositol 31.389±3.792 39.926±7 .585 1.27
Fructose 5.915±1.511 8.047±3.023 1.36
Rafﬁnose 6.479±0.534 3.415±0.925 0.53
Glycerol 9.517±0.336 5.614±0.672 0.59
Sucrose 239.223±23.471 204.220±46.941 0.85
Oxalate 0.726±0.070 0.52±0.139 0.72
Succinic acid 1.653±0.519 2.723±1.039 1.65
2-Ketoglutarate 0.054±0.002 0.139±0.004 2.57
Glycerate 2.542±0.368 3.308±0.736 1.30
Gluconate 0.478±0.023 0.326±0.046 0.68
GABA 0.266±0.054 0.233±0.109 0.88
Quinate 0.052±0.011 0.028±0.023 0.54
Glycolate 4.495±0.068 2.708±0.137 0.60
Shikimate 3.353±0.396 3.926±0.792 1.17
D-2-hydroxyglutarate 0.095±0.007 0.171±0.014 1.80
Phosphoric acid 1.319±0.045 0.471±0.091 0.36
Lactate 10.584±0.462 7.479±0.8 0.71
Maleate 0.717±0.019 1.030±0.039 1.43
Malate 14.611±1.386 21.438±2.771 1.47
Fumarate 179.719±8.767 115.055±17.53 0.64
(Iso)-citrate 16.439±1.446 30.208±2.981 1.84
The values are normalized per gram fresh weight and presented are the
means±SE of two replicates of pools of at least eight plants each.The values set
in bold case indicate signiﬁcant differences to the wild type values (Student’s t-
test P<0.05).The data is also expressed as fold-changes of the metabolite levels
between GMK3 and wild type.
signiﬁcantly higher than the wild type on both dry weight and
chlorophyll basis. On a RubisCO activity basis, the GMK3 plants
showed a trend to higher assimilation rates (Table 3). There
were no statistically signiﬁcant deviations of the compensation
point and its O2 dependence between the genotypes (Table 3;
Figure 5B).
The FV/FM ratio indicated that the maximum quantum efﬁ-
ciency of photosystem II was not affected in any of the geno-
types grown under normal conditions (not shown). On the other
hand, when the plants were exposed to high light for 6h, no
differences in the FV/FM ratio was observed in the GMK lines
compared to wild type (GMK3, 0.68±0.02; GMK9, 0.65±0.05;
wt, 0.70±0.03), while GO–MS plants showed strong photoinhi-
bition (0.55±0.01). It is worth mentioning that after long-term
exposure to high light, the FV/FM ratio of the GMK9 plants
decreased (0.52±0.01); this reduction indicates that, although
with delay, GMK9 plants also suffer from photoinhibition. These
observations correlate with the fact that after long-term high light
exposure, GMK9 plants developed oxidative lesions and did not
accumulate starch (Figure 4).
DISCUSSION
A glycolate catabolic cycle was established in the C3-model plant
A. thaliana in which glycolate is completely oxidized within
the chloroplast to two molecules of CO2. The H2O2 produced
by GO is detoxiﬁed to water and oxygen. As a consequence,
a portion of the glycolate formed in the oxygenation of RuBP
by RubisCO was diverted from the photorespiratory pathway
(Table 5). Because this engineered pathway is localized to chloro-
plasts, CO2 released as a product of the pathway can directly be
reﬁxed. Additionally, the engineered pathway has the advantage
compared to photorespiration that no ammonia is released in
any of its enzymatic steps. Thus, less re-assimilation of ammo-
nia would be required, resulting in a potential improvement in
the plant nitrogen use efﬁciency. Additionally, the energy cost
of the GMK pathway is lower than “normal” photorespiration
(Table 6).
A major obstacle during the establishment of the approach
presented here was the accumulation of H2O2 inside the plas-
tids as a result of the GO activity. Our previous work (Fah-
nenstich et al., 2008) showed that GO–MS plants grew better
than the GO parental lines, but still presented a similar extent
of oxidative stress in response to high light. This observation
suggested that the noxious effects of H2O2 accumulation could
mask the beneﬁts of the intraplastidic glycolate catabolic path-
way. Moreover, glyoxylate levels in GO–MS plants were similar
to the wild type, indicating that this metabolite is further metab-
olized by the action of MS (Fahnenstich et al., 2008). It could
be argued that the increased biomass accumulation in GO–MS
plants relative to GO plants was the result of the elimination
of damaging effects caused by glyoxylate accumulation in GO
plants. However, Kebeish et al. (2007) clearly showed that solely
the overexpression of the bacterial glycolate dehydrogenase in
chloroplasts of A. thaliana produced plants with enhanced bio-
mass even though glyoxylate accumulates in this organelle. In
the approach presented here, the expression of catalase inside
the plastids proved necessary to circumvent the negative effects
of H2O2 accumulation in chloroplasts. Plants expressing cata-
lase targeted to plastids in addition to GO–MS expression (GMK3
and GMK9) accumulated more biomass than the parental lines,
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FIGURE5|( A )SDS-PAGE stained with Coomassie brilliant blue of crude
extracts of three different wild type and GMK3 plants.The same amount
of protein (20μg) was loaded per lane.The band corresponding to the
RubisCO large subunit (LSU) is indicated on the right and molecular mass
markers are shown on the left. (B) CO2 compensation point, Γ,a sa
function of O2 partial pressure for wild type and two GMK3 mutants.
Measurements were made at a leaf temperature of 25˚C and an
irradiance of 1000μmol quanta m
−2 s
−1.The line is the relationship
between Γ and O2 predicted by the model of Farquhar et al. (1980),
assuming that 0.5mol of CO2 are released in the photorespiratory cycle
per RubisCO oxygenation and using the kinetic constants for RubisCO
fromTable 2.3, von Caemmerer (2000; Γ=0.2096*O2 +2.62).The slope
and intercepts for the regressions of wild type, GMK3-1, and GMK3-3
are given inTable 3.
Table 3 | Photosynthetic performance of wild type and transgenic plants.
Wild type GMK3-1 GMK3-3
CO2 assimilation rate, A (μmolm−2 s−1)1 1 . 5 ±0.28 12.0±0.46 10.4±0.56
Stomatal conductance (molm−2 s−1) 0.255±0.043 0.247±0.032 0.187±0.021
Intercellular CO2, Ci (μbar) 240±16 258±8 252±5
Ambient CO2, Ca (μbar) 347±1.0 347±0.6 349±0.9
Dark respiration rate, Rd (μmolm−2 s−1) 1.89±0.14 2.09±0.36 1.91±0.16
RubisCO (μmolsites/m−2) 17 .66±0.35 16.35±1.8 13.3±1.0
Chlorophyll (μmolm−2) 0.42±0.02 0.31±0.01 0.28±0.09
Chlorophyll a/b ratio 3.61±0.48 3.62±0.105 3.68±0.08
Leaf mass per area, LMA (gm−2) 18.9±0.6 16.4±0.4 15.4±0.5
A( μmolg−1 s−1) 0.61±0.03 0.74±0.2 0.676±0.03
A (mmolmolchl−1 s−1) 27.6±1.5 38.4±2.9 37.0±1.7
A [mol (mol RubisCO sites)−1 s−1] 0.65±0.01 0.754±0.06 0.79±0.037
CO2 compensation point, Γ at 21% (μbar) 42.7±0.6 43.9±0.9 44.2±1.4
Slope of O2 dependence of Γ (mbar/bar) 0.206±0.02 0.212±0.03 0.207±0.03
Intercept of O2 dependence of Γ (μbar) 0.78±0.17 0.03±0.14 1.05±0.0.54
GMK3-1 and GMK3-3 are GMK3 plants of the ﬁrst and third generation, respectively. Gas exchange measurements were performed as described in the Section
“Materials and Methods” at a leaf temperature of 25˚C and an irradiance of 1000μmol quanta m
−2 s
−1.The values presented are the means±SE of four replicates.
The values set in bold case indicate signiﬁcant differences to wild type values.
and GMK3 presented growth improvement with regards to wild
type.
Nophenotypicaldifferenceswereobservedwhenthelineswere
grown under high CO2 concentration, a condition in which pho-
torespiration is not active. Under photorespiratory conditions the
Gly/SerratioinGMK3plantswaslowerthanthatof thewildtype,
and the Gly and Ser contents were strongly reduced (Table 4).
Thisindicatesthatglycolateformedinthechloroplastsbytheoxy-
genase activity of RubisCO is metabolized by the introduced GO
activityinGMKplants.Moreover,thereversalofthephenotypeby
highCO2 clearlyindicatesthatthephenotypicalchangesobserved
in both GMK3 and GMK9 plants under normal ambient condi-
tions are related to the functional transgenic pathway and not to a
positional effect of the catalase transgen.
The GO–MS and GMK9 lines presented yellowing and oxida-
tive lesions after transfer to high light intensities, a feature that
was not observed in the wild type and GMK3 plants. Thus, the
beneﬁts of the new pathway observed in GMK3 are masked in
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Table 4 | Pigment composition of wild type and GMK3 rosette leaves
determined by reverse-phase HPLC.
Wild type (nmol FW−1) GMK3 (nmol FW−1)
Chlorophyll 22.0±1.0 19.0±1.0
Neoxanthin 57 .8±2.6 44.1±2.7
Violaxanthin 45.8±0.5 42.3±6.3
Lutein 174.5±5.9 126.1±7.7
β-Carotene 109.4±3.1 98.63±1.7
The values are normalized per gram fresh weight (FW) and presented are the
means±SE of replicates of three plants each.The values set in bold case indicate
signiﬁcant differences to the wild type (Student’s t-test P<0.05).
Table 5 | Glycine and serine levels (relative to the internal standard
molecule) measured by GC–MS of whole rosette leaves harvested
after 6h in the light period from plants grown at 30μmol quanta
m−2 s−1 (30μE; non-photorespiratory conditions) and after
transferring the plants for 6h under 600μmol quanta m−2 s−1
(600μE; photorespiratory conditions).
Wild type GMK3
30μE6 0 0 μE3 0 μE6 0 0 μE
Glycine 0.67±0.03 59.62±7 .20 0.59±0.08 10.94±1.90
Serine 16.80±1.20 9.70±1.40 7.72±1.80 6.80±0.50
Gly/Ser 0.040±0.001 6.238±0.206 0.076±0.011 1.609±0.235
Gly/Ser, glycine to serine ratio.The values presented are normalized per area and
are means±SE of two replicates of pools of at least eight plants each and those
set in bold case indicate signiﬁcant differences to the wild type values (Student’s
t-test P<0.05).
Table 6 |ATP and NADPH/NADH consumption of the photosynthetic
carbon reduction and photorespiratory cycle in the wild type and
GMK plants with the assumption that each oxygenation reaction
would lead to complete oxidation of 2PG through the GMK cycle.
Wild type GMK pathway
ATP NADPH/
NADH
ATP NADPH/
NADH
2PG→0.5 3PGA 0.5 – – –
1.5/1 3PGA→TP 1.5 1.5 1 1
Ru5P→R u B P 1– 1–
0.5 NH+
4 reﬁxation 0.5 0.5 – –
2PG→2C O 2 +NADPH+NADH – – – +2
3.5 2 2 +1
Calculations in mol of compound. Modiﬁed after Farquhar and von Caemmerer
(1982) and von Caemmerer (2000).
other lines (e.g., GMK9). An inverse relationship could be seen
between the extent of the GO phenotype and catalase activities
measured in isolated chloroplasts of the GMK lines, as prepara-
tions from leaves of GMK3 plants showed higher catalase activity
than those prepared from GMK9 plants. We assume that growth
improvementintheGMKplantsdependsonﬁne-tuningtheinter-
play of overexpressed enzymes and the endogenous antioxidant
machinery to reduce the accumulation of H2O2 in plastids. It is
interesting to note that no differences in the growth parameters
between wild type and GMK3 plants were observed under long-
day conditions. Similar results were observed by overexpressing
the bacterial glycolate pathway (Kebeish et al., 2007; Peterhänsel,
personal communication), raising the question as to whether an
interaction between glycolate metabolism and day-length might
exist.
The differential metabolome in the GMK3 plants pointed
toward increased synthesis of amino acids derived from PEP. In
addition,TCAcycleintermediates,exceptforfumarate,weremore
abundant in the GMK3 plants, also suggesting an enhanced entry
of pyruvate to the cycle. It is possible that the observed enhanced
C assimilation causes higher 3-P glycerate levels and subsequently
more PEP, pyruvate, and oxalacetate, which in turn are allocated
to the production of their derived amino acids.
Although the GMK3 plants have thinner leaves with respect to
the wild type, they showed a 36 and 28% increase in total rosette
dry and fresh weight, respectively, which is attributed not only to
the increased rosette diameter but also to a signiﬁcantly increased
number of leaves. Moreover, the GMK3 plants displayed a higher
carbon assimilation rate per unit leaf area as well as per chloro-
phyll content. The above-mentioned GLD plants containing the
completeE.coli glycolatecatabolicpathwayalsoshowedincreased
photosynthesis and biomass (Kebeish et al., 2007). However, this
phenotype was also observed in plants expressing only the ﬁrst
enzymeof thepathway,glycolatedehydrogenase.Interestingly,the
GLDplantsalsopresentedﬂatterandthinnerleaves(Kebeishetal.,
2007;Peterhänsel,personalcommunication).Thus,thealteredleaf
ultrastructure observed also in our work might be a consequence
ofsignalsemanatingfromthealteredmetabolicstatus.Theprecise
cause of this change in morphology in the GMK3 and GLD plants
cannot be deduced from the results of the present work and is a
matter for future investigations.
The CO2 compensation point (γ) and its O2 dependence have
long been recognized as a diagnostic tool to distinguish between,
C3,C 4, and C3–C4 intermediate photosynthetic pathways (Hola-
day and Chollet,1983;Ku et al.,1991). Changes in the slope of the
O2 dependencehavealsobeenrecordedforoneof thephotorespi-
ratory mutants of A. thaliana (Cousins et al.,2008). In C3 species,
the intercept at zero O2 depends on the ratio of mitochondrial
respiration to maximal RubisCO activity. This ratio can thus lead
to lower or greater γ for an individual. For example, differences
in that ratio have been shown to explain increases in Γ with leaf
age (Azcon-Bieto et al., 1981). The slope of the O2 dependence
is primarily determined by RubisCO’s speciﬁcity and the ratio of
CO2 released per RubisCO oxygenation (von Caemmerer, 2000).
AccordingtothepathwayinFigure1,theexpectationisthat2mol
of CO2 are released per RubisCO oxygenation if all the glycolate
is processed by the new pathway rather than the usual 0.5mol per
RubisCOoxygenation.ThefactthatthereisnodifferenceintheO2
dependence of Γ between the wild type and the GMK3 mutants
suggests that perhaps a low amount of glycolate is processed by
the newly introduced pathway. It is also possible that some of
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the expected increase in the slope could be compensated by the
increased chloroplast CO2 concentration. In the photorespiratory
bypassmutantGLD,wheretheratioof CO2 releasedperRubisCO
oxygenation was unchanged, also no signiﬁcant deviation of Γ
from the wild type value was observed but a decrease in Γ∗ was
recorded (Kebeish et al., 2007). These mutants also had thinner
leaves and the difference is most easily explained by a change in
the ratio of respiratory CO2 release to the conductance for CO2
diffusion within the leaf (von Caemmerer, 2000).
The results of our work, in agreement with that of Kebeish
et al. (2007),indicated that it is possible to improve the growth of
the C3-plant A. thaliana by diverting part of the glycolate away
from the photorespiratory pathway and metabolizing it in the
chloroplasts. Future work should be directed toward developing
optimized versions of these basic approaches (e.g., ﬁnd a suitable
glycolate dehydrogenase that would not produce H2O2 to substi-
tute GO and catalase) to introduce the glycolate catabolic cycle
into plants with agronomical importance, such as rice, wheat, or
rapeseed.
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